Aims Although inflammation plays an important role in the pathogenesis of heart failure (HF), the precise pathophysiological role of inflammation in HF with preserved left ventricular ejection fraction (HFpEF) still remains unclear. Hence, we examined the clinical significance of plasma neopterin, an inflammatory biomarker, in HFpEF patients.
Introduction
Inflammation plays an important role in the pathogenesis of heart failure (HF), and C-reactive protein (CRP), a representative inflammatory biomarker, has been shown to be an independent predictor of HF hospitalization after acute myocardial infarction (MI). 1 However, the precise pathophysiological role of inflammation in HF with preserved left ventricular (LV) ejection fraction (HFpEF), which has a poor prognosis equivalent to HF with reduced LVEF, still remains unclear. Using Dahl salt-sensitive hypertensive rats (DS rats), which are useful experimental models of HFpEF, we have previously shown the close association of LV macrophage infiltration with reactive oxygen species (ROS) in HFpEF. 2 Furthermore, we previously reported that pentraxin (PTX) 3, a member of the PTX superfamily including CRP, is a significant inflammatory marker in patients with HFpEF. macrophage cytotoxicity through its interactions with ROS, and to promote ROS-induced apoptosis of vascular smooth muscle cells and atherosclerosis. 4 As well as one other inflammatory biomarker, CRP, 1 plasma neopterin was demonstrated as an independent predictor of HF hospitalization after acute MI. 5 However, the precise role of neopterin in HFpEF remains totally unknown.
In this study, we hypothesized that plasma neopterin is closely associated with pathophysiology of HFpEF, and sought to examine the clinical significance of plasma neopterin levels in symptomatic HFpEF patients with New York Heart Association (NYHA) functional class IIm-IV. Because baseline characteristics of all non-HF and HFpEF patients were quite different, we aimed to match risk factors for our study groups and thus to investigate whether plasma neopterin levels are affected by HFpEF. We divided patients into the risk factormatched HFpEF group (n = 68) and the risk factor-matched non-HF group (n = 68) using nearest neighbour matching, no replacement, and one-to-one pair matching the following risk factors: number of patients, age, sex, and equal incidence of diabetes mellitus, current smoking, hypertension, dyslipidemia, and coronary artery disease (CAD).
Methods
We performed a prospective cohort study to investigate the clinical significance of plasma neopterin in HFpEF patients. In the present study, we recruited consecutive HFpEF patients hospitalized in Kumamoto University Hospital from July 2010 to January 2013. We further examined blood biomarkers [levels of plasma neopterin and serum derivatives of reactive oxidative metabolites (DROM, Diacron srl, Grosseto, Italy); normal range: 250-300 unit called the Carratelli unit (U. CARR), a new biomarker of ROS], and cardiac function by ultrasound cardiography at stable condition after the optimal therapy according to guidelines for the treatment of acute HF by The Japanese Circulation Society. We defined HFpEF clinically according to the criteria of the European Working Group to HFpEF 6 : (i) symptoms or signs of HF (NYHA functional class IIm-IV); (ii) normal or mildly reduced LV systolic function [LVEF >50 % and LV end-diastolic volume index (LVEDVI) <97 mL/m 2 ]; and (iii) evidence of abnormal LV relaxation, filling, diastolic distensibility, and diastolic stiffness. In our study, we stratified the ratio of early transmitral flow velocity to tissue Doppler early diastolic mitral annular velocity (E/e′) as ≥15 or >8 and <15, and B-type natriuretic peptide (BNP) levels with a cutoff of 100 pg/mL. LVEF (the modified Simpson method), LVEDVI, LV stroke volume index (SVI), LV mass index (LVMI), and left atrial volume index (LAVI) (the prolate ellipse method) were measured by conventional echocardiography [Vivid 7 (GE-Vingmed Ultrasound, Horton, Norway) and Aplio XG (Toshiba, Tokyo, Japan)], and E/e′ was measured by tissue Doppler imaging using these modalities. Echocardiography was performed by experienced cardiac sonographers who had no knowledge of our study data under stable conditions after the optimal therapy for HF. Furthermore, the reproducibility and repeatability of the echo parameters were confirmed by two different experienced sonographers. Plasma neopterin levels were directly measured in duplicate by high-performance liquid chromatography with the electrochemical detection method, as previously described, 7 and were compared between in HFpEF patients and in non-HF patients after matching risk factors. The reproducibility and repeatability of the methods of biochemical biomarkers measurement were strictly confirmed. We excluded patients who have the following reasons: severe valvular disease (n = 12), severe collagen disease (n = 3), active infective disease (n = 5), history of malignancy (n = 16), and the end stage of renal disease (n = 6, eGFR; estimated glomerular filtration rate <15 mL/min/1.73 m 2 ). Furthermore, patients were followed-up until 1000 days after discharge or until the occurrence of cardiovascular events (cardiovascular death, acute coronary syndrome, or hospitalization for HF). We used the median value of plasma neopterin (51.5 nM) to divide HFpEF patients into low-and high-neopterin groups ( Figure 1) . The study protocol conformed to the principles of the Declaration of Helsinki. Written informed consent was obtained from all patients.
We have assessed day-to-day, intra-, and inter-observer reproducibility of echocardiography in our institutes by three methods: (i) the intra-class correlation (ICC), (ii) Cronbach's alpha, and (iii) the coefficient of variation (CV), and have confirmed that echocardiography measurements in our institutes have good reproducibility in ICC, Cronbach's alpha, and CV as well as previous studies reported.
Differences between two groups in risk factor matching data were tested with McNemar test for categorical variables. Differences in continuous variables in risk factor matching data were analysed by the paired t-test, or Wilcoxon signedrank test, as appropriate. Kaplan-Meier analysis was performed by using the median value of neopterin in HFpEF patients and was compared such incidence by the log-rank test. A P value of <0.05 was considered statistically significant. Statistical analyses were performed using The Statistical Package for Social Sciences version 22 (IBM Japan, Ltd., Tokyo, Japan).
Results
Baseline characteristics of patients are shown in Table 1 . Compared with risk factor-matched non-HF patients, plasma neopterin levels, but not serum high-sensitivity CRP levels, were significantly increased in patients with HFpEF [neopterin; 37.2 (30.6-46.1) nM vs. 51.5 (43.6-57.2) nM, Table 1 ]. Similarly with our previous clinical report, 8 serum DROM levels were significantly increased in HFpEF patients [298.0 (272.0-370.8) U. CARR vs. 384.0 (348.5-426.0) U.CARR, P < 0.001, Table 1 ], and which were accompanied by an elevation in plasma neopterin levels in HFpEF patients. Compared with risk factor-matched non-HF patients, furthermore, the eGFR (69.1 ± 14.5 vs. 59.2 ± 19.8) and LVSVI (44.6 ± 5.7 mL/m 2 vs. 35.7 ± 6.9 mL/m 2 , P < 0.001) values were significantly lower (all, P < 0.001, , P < 0.001), and E/e′ levels (11.0 ± 3.8 vs. 17.2 ± 4.0, P < 0.001) were significantly higher in HFpEF patients ( Table 1) . Plasma neopterin levels in HFpEF patients with NYHA class III/IV (n = 31) were significantly higher in those with NYHA class IIm (n = 37) [49.9 (43.3-52.8) nM vs. 56.0 (44.3-67.3) nM, P < 0.004, Figure 2 ], indicating significant correlation of neopterin in HFpEF with the severity of HF.
Furthermore, plasma ln-neopterin levels had strong and positive correlation with ln-DROM values in all 136 enrolled Plasma neopterin in HFpEF 55 patients (P < 0.001, r = 0.57, Figure 3A) . In contrast, lnneopterin values did not have a significant correlation with serum ln-high-sensitivity CRP levels (P = 0.52, r = À0.06, data not shown). In consideration of neopterin as the oxidized product of 7,8-dihydroneopterin, a pterin synthesized by activated macrophages, 9 neopterin could be closely associated with ROS in HFpEF, independently of CRP. Moreover, lnneopterin levels had significant correlation with cardiac diastolic function, indicated by increased LVMI, E/e′, and LAVI, and decreased SVI estimated by ultrasound cardiography (P = 0.002, r = 0.26, P < 0.001, r = 0.34, P < 0.05, r = 0.17, and P = 0.003, r = À0.25, respectively, Figure 4A-D) , and weak but significant positive correlation with plasma ln-BNP levels (P < 0.001, r = 0.38, Figure 3D ), indicating close association of plasma neopterin with the severity of HFpEF.
During a mean of 23 months' follow-up (range, 1-50 months), 10 cardiovascular events were recorded (cardiovascular death; n = 2, acute coronary syndrome; n = 2, and hospitalization for HF; n = 6). Total cardiovascular events were significantly higher in the high-neopterin group than in the low-neopterin group. Kaplan-Meier analysis showed that the high-neopterin group (n = 34) had a higher probability of cardiovascular events than the low-neopterin group (n = 34) (log-rank test, P = 0.003, Figure 4 ) ( Figure 5 ).
Discussion
Inflammation has been reported to be one of the major risk factors for the development of HFpEF, and a variety of inflammatory cytokines including interferon-γ and tumour necrosis factor-α (TNF-α) were found to be the most frequent inducers of neopterin synthesis. 10 In the present study, we first demonstrated that plasma neopterin, but not high-sensitivity CRP, among inflammatory markers, was significantly increased by the presence of HFpEF, as well as a few previous reports which showed that blood neopterin levels were closely associated with other cardiovascular diseases. Therefore, it is possible that plasma neopterin levels could serve as more sensitive and specific markers of inflammation in HFpEF than commonly used conventional marker such as high-sensitivity CRP. In inflammatory process, neopterin is produced by activated macrophages via the guanosine triphosphate pathway, and can act as a pro-oxidant and promoting cell apoptosis. Because both oxidative stress and cell apoptosis in failing heart were closely associated with the pathogenesis and progression of HF, neopterin could be involved in the pathophysiology of HFpEF via ROS and apoptosis pathway. Using high saltloaded DS rats, indeed, useful model of HFpEF, we previously Figure 2 Association of neopterin levels with the severity of heart failure. We classified heart failure with preserved left ventricular ejection fraction patients according to the New York Heart Association functional class. Plasma neopterin levels were compared between 37 heart failure with preserved left ventricular ejection fraction patients with New York Heart Association IIm and 31 heart failure with preserved left ventricular ejection fraction patients with New York Heart Association III/IV. reported that activated macrophages were significantly increased, accompanied by ROS overproduction and myocardial apoptosis in LV. 2 In this study, plasma neopterin levels were significantly correlated with the presence and NYHA-assessed severity of HFpEF. Also, the severity of HFpEF, indicated by elevated BNP values and increased LVMI, E/e′, and LAVI, and Figure 5 Kaplan-Meier analysis for the probability of cardiovascular events in heart failure with preserved left ventricular ejection fraction patients with low-or high-neopterin. Heart failure with preserved left ventricular ejection fraction patients were divided into two groups using the median value of plasma neopterin level (51.5 nM).
Cumulative cardiovascular events free probability decreased SVI by echocardiography, was closely associated with plasma neopterin, suggesting that neopterin might be a marker of not only inflammatory but also HF disease activity in HFpEF patients. Several studies reported that the interaction between ROS and inflammation is involved in the pathophysiology of cardiovascular diseases, and we recently reported a positive correlation of DROM with high-sensitivity CRP in CAD patients. 11 However, the relative relationship between cardiac ROS and inflammation in HFpEF is not fully elucidated. In previous basic research using DS rats, Tian et al. showed that oxidative stress interacts with inflammatory cytokines, 12 and we also reported that angiotensin II-induced ROS overproduction directly activated cardiac macrophage infiltration via the activation of apoptosis signal-regulating kinase 1, a ROS-sensitive mitogen-activated protein kinase kinase kinase. 13 In the present study, we further demonstrated that ln-neopterin was significantly correlated with ln-DROM in HFpEF patients, which clinically confirmed that the possibility of close interaction of cardiac inflammation and ROS overproduction in the pathophysiology of HFpEF. In consideration of neopterin as pro-oxidant and triggering apoptosis in various cell types, 9 'a malignant cycle' between neopterin secretion and ROS production could be deeply involved in the pathophysiology of HFpEF. However, Williams et al. showed that this association between CRP and HF events was no longer significant in HFpEF patients, although elevated CRP levels predicted hospitalization for HF.
14 Moreover, the present study showed that high-sensitivity CRP values were not significantly increased in HFpEF patients and correlated with plasma ln-neopterin levels. As described above, we previously reported that PTX3, a novel inflammatory marker, TNF-α, and interleukin-6, but not high-sensitivity CRP, were significantly higher in HFpEF patients. 3 Taken together these data, the production process of neopterin might be different from that of CRP in HFpEF patients. Hence, further investigations are needed to examine the difference of clinical significance between neopterin and CRP in the pathophysiology of HFpEF, and whether the measurement of a combination of ROS and inflammatory biomarkers can provide useful information for risk stratification of HFpEF patients in clinical practice.
Our study has several limitations. First, it was a singlecentre design with a small patient population. Also, this study was observational and was not interventional by any cardiovascular drugs. Therefore, additional interventional studies in HFpEF patients in a large-scale population are necessary. Second, the present study was aimed at patients with HF, all of whom take a variety of cardiovascular agents. Hence, there could be selection biases because enrolled patients to this study had more cardiovascular agents than non-HF patients and plasma neopterin values in HFpEF patients could have been influenced by these medications.
Conclusions
The present clinical study first showed that plasma neopterin levels were significantly increased in HFpEF patients and were associated with serum DROM levels. Also, neopterin levels were significantly higher in HFpEF patients with NYHA III/IV than in those with NYHA II. These data suggested that neopterin is significantly associated with the presence and severity of HFpEF, and that the interaction between inflammation and ROS could be involved in the pathophysiology of HFpEF. Moreover, ln-neopterin levels were significantly correlated not only with the ln-DROM values but also the severity of HFpEF, indicated by the increase in E/e′, LAVI, and ln-BNP values. Cardiac diastolic dysfunction is known to be associated with adverse clinical outcome of HFpEF. Hence, this study indicated that the measurement of plasma neopterin levels could contribute to the risk stratification of HFpEF patients. In fact, Kaplan-Meier analysis showed a significantly higher probability of cardiovascular events in HFpEF patients with high neopterin levels than in those with low neopterin levels.
As described above, neopterin is described as the oxidation product of 7,8-dihydroneopterin, 9 and 7,8-dihydroneopterin is a radical scavenger, thus protecting various cell types including macrophages. 15 Because the significance of neopterin in HFpEF was demonstrated by clinical and basic reports including ours, any interventions to neopterin or/and 7,8-dihydroneopterin have possibilities to be a novel therapeutic strategy for HFpEF. Identification of effective therapeutic strategy for HFpEF has great clinical importance, so it is much required to elucidate whether the intervention to neopterin can improve cardiac diastolic dysfunction and subsequent occurrence of cardiovascular events in HFpEF patients.
